Carbadox (CBX) and olaquindox (OLA) were used in poultry and swine feed for growth promotion, to improve feed efficiency and increase the rate of weight gain. However, the use of these agents in feedingstuffs was prohibited because of concerns about their toxicity. Regulatory laboratories are required to have suitably validated analytical methods to ensure compliance with the ban. A quantitative and confirmatory method for determining the presence of CBX and OLA in poultry and swine feed by high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was developed, optimized, and validated. The analytes extraction was performed with a mixture of water and acetonitrile (1:1 v/v) and cleanup with hexane and C18 (dispersive phase). The method was evaluated by the following parameters: specificity, linearity, matrix effect, decision limits (CCα), detection capability (CCβ), accuracy, precision, limits of detection (LoD), limits of quantification (LoQ) and measurement uncertainty. The validated method presented a broad linear study range and no significant matrix effect.
Introduction
The use of antimicrobials as feed additives in animal raising started with the observation that some molecules added to the feed are able to improve the growth rate efficiency and the feed conversion when used at subtherapeutic levels, especially for poultry and pork production. However, the use of such medication in food-producing animals may result in the presence of their residues in foods from animal sources, which may cause allergic reactions, toxicity or lead to the selection of antimicrobial-resistant microorganisms in human beings [1, 2] .
The quinoxalines are a group of synthetic antibacterial drugs that have bicyclic heteroaromatic systems which the basic structure is the 1,4-diazanaphthalene. The carbadox (CBX) and olaquindox (OLA), drugs derived from the quinoxalines, were widely used as growth promoters in poultry and swine diets and assisted in the prevention of bacterial enteritis. However, in 1998, the European Commission (EC) banned the use of CBX and OLA in food-producing animals, following reports that CBX and desoxycarbadox (DCBX) are suspect carcinogens and mutagens. In 2001, the sale of CBX was halted in Canada. In 2003, Joint FAO/ WHO the Expert Committee on Food Additives (JECFA) recommended the withdrawal of the previously recommended acceptable daily intake (ADI) and Maximum Residue Levels (MRLs) of those drugs [3] .
To ensure compliance with the Commission Regulation 2788/ 98, sensitive and specific analytical methods for the detection of CBX and OLA in feedingstuffs are needed. Methodologies using liquid chromatography with ultraviolet detection have been developed, nevertheless, these methods can not be considered Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/talanta confirmatory, because they do not provide information regarding the chemical structure of the analytes. A confirmation method for veterinary drugs and contaminants must be achieved by either mass spectrometry (MS), UV-vis diode array detection (DAD), fluorescence detection or two-dimensional (2D) thin layer chromatography [4, 5] .
Analytical procedures consisting of suitable combinations of purification steps, chromatographic separation and spectrometric detection should be used so that the technique has sufficient specificity for confirmation of the compound. Methods that employ high-performance liquid chromatography (HPLC) techniques with mass spectrometry (MS) are the most frequently indicated for study of CBX and OLA in animal feed because of their high selectivity and especially high sensitivity [3, [6] [7] [8] [9] .
Based on such aspects, the purpose of this study was to optimize and validate a methodology for the quantitative and qualitative analyses of CBX and OLA in poultry and swine feedingstuffs by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).
Material and methods

Chemicals and reagents
The analytical standards carbadox (CBX) and olaquindox (OLA) used in the validation were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile and methanol (LC-MS grade) from Merck (Darmstadt, Germany) were used.
Standards and stock solutions
The CBX stock solution (100 mg mL À 1 ) was prepared monthly by dissolving the analytical standard in methanol and acetonitrile (1/1, v/v) and the OLA stock standard solution (250 mg mL À 1 ) was prepared (monthly) in water. The working solution was prepared by dilution of CBX and OLA stock solutions in methanol and water (1/1, v/v), resulting in concentrations of 0.25 mg mL À 1 ; 0.5 m g mL À 1 ; 0.75 mg mL À 1 ; 1.0 mg mL À 1 and 1.25 mg mL À 1 for individual analytes. All standards were prepared in amber glassware and stored at 4°C.
Instrumentation
The analyses were performed in a Shimadzu HPLC system coupled to a Applied Biosystems Sciex 5500 Triple Quadrupole. A Lichrospher C18 5 μm Â 3 mm Â 250 mm (Merck, Darmstadt, Germany) column was used for the chromatographic separation. The flow-rate was 1 mL min À 1 and the injection volume was 30 mL. Methanol, acetonitrile and water were used as mobile phases, according to the elution gradient described in Table 1 .
The operational conditions of the mass spectrometer were optimized by individual direct injection of each compound at a concentration of 1 ng μL À 1 in methanol and water (1/1, v/v).
Electrospray ionization was performed in positive mode. The mass spectrometer was operated in the multiple reaction monitoring (MRM) mode and were monitored two transitions for each analyte.
Sample preparation
Poultry and swine feedingstuffs that did not contain any of the studied analytes were used as blank samples for the method validation. The samples were blended in an ultra centrifugal mill (RETSCH s , ZM 200, Haan, Germany), using ring sieves with aperture size of 1 mm. Then, a portion of 1.0 g powdery feed was weighed in a polypropylene centrifuge tube.
Extraction and clean-up
The analytes were extracted from the 1.0 g animal feed with 10 mL of methanol:water (1/1 v/v) solution. The tubes were homogenized in an orbital shaker for 30 min and put into ultrasonic bath for 15 min. Thereafter, they were homogenized again for 30 min in an orbital shaker and then centrifuged at 4000 rpm at 5°C for 25 min. The obtained extract was purified through Su-pelclean™ LC-Alumina-N SPE cartridges (Sigma-Aldrich, St Louis, MO, USA) and then, filtered through a filter unit with polyester (PE) membrane (pore size of 0.45 μm, diameter of 13 mm; Millipore Corp, Milford, MA, USA), and the filtrate was reserved for injection.
Validation procedures
The analytical method for detection of CBX and OLA in poultry and swine feedingstuffs was validated according to the performance criteria established by European Commission [5] . The validation parameters: specificity, linearity, matrix effect, decision limits (CCα), detection capability (CCβ), accuracy, precision, limits of detection (LoD), limits of quantification (LoQ) and measurement uncertainty of the method were estimated.
Specificity was assessed by comparing the retention times of the CBX and OLA standards added to the solvent (water) and in the presence of the matrix (poultry and swine feedingstuffs).
The linearity was evaluated based on matrix matched calibration curves, which were prepared using blank samples spiked at five concentration levels corresponding to 0, 0.25, 0.5, 0.75, 1.0 and 1.25 μg mL À 1 . These concentration levels were established considering the working range and the limit of detection of the equipment for the studied analytes, since due to the prohibition of the use of CBX and OLA in animal feed, there is no maximum residue limits (MRLs) specified in legislation. The calibration curve points were evaluated on their homoscedasticity by the F test, whereas the adjustments were assessed according to their linearity by the t-test at 95% significance.
To evaluate the matrix effect, calibration curvesone with fortified matrix extracts and another without the matrix (using only standard solutions of the studied analytes)-were developed using standard solutions at concentrations 0, 0.25, 0.50, 0.75, 1.0 and 1.25 mg mL À 1 for individual analytes. The curves were Table 1 Elution gradient for the mobile phases used for analyzing carbadox and olaquindox in poultry and swine feedingstuffs. prepared and evaluated on three different days, using F and t-test at 95% significance for evaluation of the variance and the means between slopes of the calibration curves
The values of CCα (α ¼1%) and CCβ (β¼5%) were calculated by the calibration curve procedure, using the values obtained by analyses of three calibration curves, developed on three different days. The following equations were used: CCα ¼2.33 Â s and CCβ¼3.97 Â s, in which "s" corresponds to the standard deviation of the within-laboratory reproducibility.
The LoD of the method was evaluated considering only the analytes detection in all samples. The retention time, signal-noise ratio (Z 3) and reason of matching ions with the calibration curve were evaluated.
The LoQ values were calculated from equation that consider the parameters of the analytical curve, LoQ¼[(10 Â s)/S], using the standard deviation (s) of the response and the slope of the analytical curve (S) [10] .
The precision of the method was evaluated by analysis of samples under repeatability conditions and within-laboratory reproducibility. To evaluate the repeatability, blank samples were spiked with CBX and OLA at three concentration levels-low (0.250 μg g À 1 ), average (0.750 μg g À 1 ) and high (1.250 μg g À 1 ), considering the linear interval of the method, and analyzed in six replicates on three different days (n ¼54). The within-laboratory reproducibility was obtained by following the same protocol but with two different operators performing the analysis (n¼ 108). The relative standard deviation (RSD) was determined in both cases and evaluated considering the criteria established by Codex Alimentarius for acceptability of results [11] .
Accuracy was evaluated by performing recovery tests. Blank samples were spiked at concentrations of 0.25, 0.75 and 1.25 μ g mL À 1 for individual analytes. The spiked samples were analyzed (six replicates) and their recoveries were calculated using the equation: % recovery¼100 Â measured content/fortification level.
The obtained values were evaluated considering the criteria established by Codex Alimentarius for acceptability of results [11] . The measurement uncertainty estimate was obtained from the combination of uncertainties of the calibration curve and intralaboratory reproducibility using a 'top-down' methodology. The uncertainty of the calibration takes into account the uncertainty of the intercept and slope, as the uncertainty of reproducibility is determined from the RSD under these conditions [12] . 
Table 3
Linearity of the method for determination of carbadox and olaquindox in animal feed, obtained in the range from 0 to 1.25 μg mL À 1 .
Analyte
Slope ( 
Results and discussion
Mass spectrometry optimization
The ideal operational conditions of the mass spectrometer were established by direct infusion of the standards in methanol and water (1/1, v/v). The capillary voltage was set at 5.5 kV and the probe temperature operated at 550°C. Two transitions were established and monitored for each analyte, one for quantification and the second one for confirmation ( Table 2) .
Validation study
The performance parameters of the proposed method were adequate for the detection and quantification of the CBX and OLA in poultry and swine feedingstuffs. The specificity of the method was checked by analyzing different types of blank feed. No interfering peaks could be detected as shown in the chromatograms of blank poultry feedingstuffs (Fig. 1) .
The values obtained in the linearity evaluation indicate that the model is adequate, given that the coefficient of determination (R 2 ) of the analytical curves was greater than 0.90, which is an evidence of a fit of the data to the regression line ( Table 3 ). The curve was considered linear in all the tests (t-test to R 2 at 95% of significance) for CBX and OLA. The results of the homoscedasticity evaluation, by the F test, indicated that data of calibration curve are heteroscedastic; therefore, the weighted calibration curve was used at the lowest variance points.
Based on the analyses of the matrix-fortified and direct standard calibration curves it was observed that there was no matrix effect and the curves remained linear in both the cases (Figs. 2 and  3) . The matrix-fortified curve points were compared to the points of the direct standard calibration curves, using the paired t-test and it was observed that there was no matrix effect on detector response. Therefore, direct standard calibration curves were used to perform the analyses. The obtained values of coefficient of determination (R 2 ) of the analytical curves were greater than 0.9, which is an evidence of adequacy of the data to the regression line.
The CCα and CCβ were calculated by the matrix calibration curve and their values are presented in Table 4 .
The accuracy of the method (Table 4 ) was suitable for all studied analytes, according to the criteria established from the Codex Alimentarius [11] . The recovery values obtained under repeatability conditions were 99.41% and 104.62% for CBX and OLA, respectively, and under intralaboratory reproducibility conditions, the values were 98.63% for the CBX and 95.07% for the OLA.
The precision of the method was evaluated by the repeatability conditions (analyst 1) and intralaboratory reproducibility (analyst 1 þanalyst 2) using the RSD of results obtained in the recovery test. The RSD values obtained in the repeatability conditions were evaluated according to the criteria established by the Codex Alimentarius [11] and proved to be adequate for all the analytes. Under intralaboratory reproducibility conditions, the RSD values were suitable for all studied analytes ( Table 4 ).
The LoD of the method was 9 μg kg À 1 for CBX and 80 μg kg À 1 for OLA, whereas the LoQ of the method was 12 μg kg À 1 for CBX and 110 μg kg À 1 for OLA.
The measurement uncertainty estimate was obtained from the combination of uncertainties of the calibration curve and intralaboratory reproducibility, according to the top-down methodology, and for this study is not regarded to include the uncertainty of sampling. The uncertainty of the calibration takes into account the uncertainties of the intercept and slope, while uncertainty of reproducibility is determined by the RSD under these conditions. The calibration curve for uncertainty and the intermediate precision were calculated and used to obtain the combined measurement uncertainty and multiplied by a factor of 2 (k) to obtain the expanded uncertainty. The expanded uncertainties for the carbadox and olaquindox are shown in Table 4 .
Conclusion
The proposed method provides an easy application and has the ability to analyze carbadox and olaquindox in a single analytical run and detect these analytes at low concentrations. the method Is selective and specific, has adequate accuracy and precision, and presents a linear study range. the performance parameters of the proposed method were adequate for detection and quantification of carbadox and olaquindox in poultry and swine feedingstuffs.
